Abstract. Due to necessity of enforcing the electrical transmission network, a long distance gas insulated transmission line (GIL) has been developed as a new alternative underground technology, and has shown an ever-increasing usage worldwide. The main failure modes of the GIL are performance degradation due to air leakage, and random shocks caused by partial discharge. The failure of the GIL subject to both soft failure and hard failure is the result of their competition. Considering that the degradation occurs only after a certain delay, i.e. there is a random degradation initiation time before the air in the GIL begins to leak, this paper presents a new reliability model for the GIL subject to competing failure modes. Its reliability is assessed through analytical derivation and numerical calculation methods. And a numerical study is conducted to illustrate the implementation of the proposed model.
Introduction
To meet the necessity of enforcing the electrical transmission network, and considering that erecting new overhead lines may encounter many insurmountable difficulties for some specific environment and terrain, a new alternative underground technology is developed as a long distance GIL [1] . Based on the successful SF6 tubular conductor technology, the first GIL was commissioned in 1975 at Wehr pumped storage station in the Black Forest in Southern Germany [2] . Since then, the GILs at rated voltages of 110, 225, 420, 550 and up to 1100kv have shown an ever-increasing usage worldwide, and the GIL technique has been proven to be in high reliability in terms of mechanical and electrical failures [3] .
Similar to the gas insulated transmission switchgear (GIS), the failure of the GIL is mainly due to partial discharge and air leakage. Due to the existence of defects like abnormal conductor surface roughness and metallic particles, partial discharge occurs and finally leads to a break down [4] . Therefore, guidance for the design, installation, testing, operation and other technical aspects of the GIL is provided in [5] , including the partial discharge tests on the insulators. And newly developed measuring system are studied in many literature such as [6] . Besides hard failure caused by partial discharge, soft failure caused by air leakage can also be found in many applications, e.g., Jinping-I Hydropower Station in China [7] and Hainan nuclear power unit 1 in China [8] . And the main reason of SF6 leakage of the GIL is the degradation of the sealing ring [9] .
Based on practical failure analysis in [7] , it can be indicated that the defect of the sealing ring will not cause air leakage as soon as the GIL is put into service. In practice, sometimes the degradation occurs only after a certain delay, called the onset time or the initiation time. In [10] , Peng and Feng developed a reliability model for Ultrathin Gate Oxides subject to Verhulst logistic growth model with random onset time. Based on a Wiener degradation process and exponentially distributed random initiation time, Paroissin studied the corresponding parameter estimation methods and some asymptotic results [11] . To characterize the occurrence of failure caused by partial discharge, Wang et.al presented a compound Poisson process and planned the maintenance strategy under comprehensive consideration of optimal reliability and economic efficiency [12] .
Considering the competing failure modes of the GIL, i.e., hard failure due to partial discharge and soft failure caused by air leakage, this paper proposes a new reliability model with random degradation initiation time before the air in GIL begins to leak. A nonlinear general path model is developed to model the aging of the GIL sealing rings, which is assumed to be the primary cause of air leakage. Besides, a Poisson process is utilized to model the occurrence of partial discharge, which will cause the GIL failure according to the extreme shock model [13] , i.e., the voltage exceeds the partial discharge inception voltage (PDIV) of the GIL. Finally, a competing failure model is proposed to assess the reliability of GIL system. The rest of this paper is organized as follows. Section 2 describes the competing failure modes of the GIL. System reliability model for the competing failure modes is proposed in Section 3. A numerical example is developed in Section 4 to demonstrate the implementation and effectiveness of the proposed model. And some conclusions are finally given in Section 5.
Competing failure modes of the GIL
As shown in Figure 1 , the failure of the GIL is the competing result of soft and hard failures. A degradation based soft failure occurs when the air leakage, which begins after a random initiation time, exceeds a critical threshold level H. In addition, a shock based hard failure occurs once a partial discharge with large voltage arrives. The whole description of the system and relevant denotations are expounded below. 1) The degradation process   X t is modeled by a nonlinear general path model [14] with random initiation time i T . After the degradation initiation time, i.e., in the degradation propagation stage, the degradation performance can be defined as 2) Similar to the assumption in literature [11] 4) The threshold levels for soft and hard failures are constants H and D , respectively. Once the overall degradation performance exceeds H , or the magnitude of a shock is greater than D , the GIL fails.
Reliability modeling for the GIL
The failure of the GIL subject to both soft failure and hard failure is the result of their competition. Considering these two failure modes are independent with each other, this Section respectively derives the reliability functions for soft and hard failures, and the system reliability is finally obtained as the product of them. 
As shown above in Figure 1 , the soft failure life T is determined by the overall degradation process, which consists of degradation initiation time 
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The complexity of the integration function forms a challenge on the computation of Equation (6) . 
Considering that the reliability for hard failure varies when different numbers of shocks arrive, the probability of surviving from soft failure can be derived on condition of a fixed  
Therefore, the system reliability function can be derived as. 
Numerical example
To illustrate the implementation of the proposed reliability model, a realistic example is studied in this Section. Based on some reasonable assumptions for illustration, Table 1 lists the relevant model parameter values. And according to Equation (9) , the reliability assessment results of the GIL, from its installation time up to 20 years, are calculated and presented in Figure 2 . It is shown that the reliability of the GIL remains at a relatively high level at first for about 5 years, which is mainly due to the degradation initiation time, whose mean is identical to 5 too. After that, the reliability curve presents a sharp decline until the 20 th year, when the sealing rings of the GIL degrade greatly and the SF6 in the GIL are insufficient to maintain a good arcquenching property. A larger i  leads to a longer degradation initiation time and thus resulting in higher system reliability. And as 0  increases, the frequency of random shocks enlarges and the probability of hard failure increases, which makes the reliability of the GIL decreases. Guided by the sensitivity analysis results, in order to obtain larger system reliability, efforts should be made to increase the value of i  and decrease the value of 0  .
Some suggestions can be: 1) strengthening the quality control and management of the manufacturing process, which can reduce the quantity of potential defects in the GIL and prolong the degradation initiation time; 2) improving system design and take steps to reduce the occurrence probability of partial discharge, e.g., setting a particle catcher to collect charged particles in the GIL. 
Conclusions
The primary competing failure modes of the GIL are soft failure due to air leakage, and hard failure caused by partial discharge. Taking into account random degradation initiation time before the air in the GIL begins to leak, this paper proposes a new competing failure model, and derives the reliability assessment results through analytical derivation and numerical calculation methods. Furthermore, a realistic example is studied to illustrate the implementation of the proposed model. Sensitivity analysis is conducted to measure the effect of i  and 0  on the reliability assessment results.
It is indicated that a larger i  or a smaller 0  will lead to higher system reliability. For obtaining larger reliability of the GIL, it is suggested to make effort to increase the value of i  and decrease the value of 0  , e.g., strengthening the quality management of the manufacturing process and reducing the quantity of potential defects, or improving the system design by setting a particle catcher to collect charged particles.
